Three distinct Escherioftjp coli DNA gyrase complexes with DNA can be identified using a nitrocellulose filter-binding assay. One complex consists of an ensemble of two subunit A and two subunit B protoners bound noncovalently to specific sequences of DNA. High levels of each subunit alone are inactive but a single gyrase molecule binds DNA to a filter. At 23° , the complex has a dissociation constant of approximately 10~1 0 M and a half-time of decay of about 60 h. It is sufficiently stable that it can be purified by gel filtration and retain full supercoiling activity.
dimethylsulfoxide. Gyrase reactions (5-20 yl) were mixed with 1 ml of binding buffer in 1.5-ml plastic Eppendorf centrifuge tubes. Using a 2-ml plastic pipette, the sample was applied dropwise to the center of a nitrocellulose filter with a flow rate of 1 ml per min. The filters were washed with 3 ml of binding buffer, dried, and the radioactivity determined.
Unless indicated otherwise, the data were corrected for the 2-5$ of radioactive DNA that bound to the filter in control reactions lacking gyrase. Neither gyrase subunit alone bound DNA (Table I) , and this simple assay does not distinguish between effects on subunit assembly and effects on a gyrase tetramer binding to DNA. Therefore, the complementary nature of the Gyrase (5 fmol) reconstituted at 50 pmol/ml with a 50$ excess of subunit A was incubated 1(0 min at 23° with 12 fmol of 5'-32 P-labeled linear Co1E1 DNA. The 10-y1 complete reaction mixture contained 50 mM Tris-HCL (pH 7.6), 10 mM MgCl 2 , 2 mM dithiothreitol, 20 mM KC1, 5 mM spermidine, and 50-)jg of bovine serum albumin per ml. Reaction mixtures were filtered through nitrocellulose membranes and the amount of retained DNA determined. The data are corrected for DNA (2%) that adhered to the filters in the absence of gyrase; the complete reaction mixture resulted In 2.1 fmol of bound DNA. The assembly of gyrase subunits into a filter binding complex occurs very rapidly at 23 ° (Fig. 2) . However, both the rate of complex formation and the plateau value were increased by prelncubation of the gyrase subunits at high concentration prior to their dilution into the reaction mixture ( Fig. 2) .
Stability of the E DNA complex. Once formed the E-DNA ensemble is quite stable (Fig. 3) . Complexes formed at 23° and then diluted 67-fold in the presence of a 3-1 fold excess of competitor DNA decayed with a half-life of 60-70 h. There appeared to be two rate components in the dissociation at 37°o f complexes formed at 23°. One third of the complexes decayed more rapidly over a t h period, whereas the rest decayed at a rate similar to that at 23° (   Fig. 3A) . The rate of dissociation was also influenced by the concentration of competitor DNA. If the competitor was in the same 3-fold excess but in a 50-fold higher concentration, two populations of complexes were apparent at 23°. One-third of the total complexes decayed in the first 3 h, but the remaining had the high stability of the complexes in the presence of lower competitor concentrations (Fig. 3B ). These differences probably reflect the difference in stability of gyrase bound to different DNA sites (25, 26) Enzymatic activity of stable E-DNA. The E-DNA complexes with very long half-lives are not inactive forms of the enzyme. To demonstrate this, enzyme DNA complexes were filtered through a Sepharose-4B column to remove unbound enzyme (Fig. 5) . Chromatography was carried out slowly -the DNA peak eluted after 3 h -so that only very stable complexes remained. 63? of the E"DNA complexes could still be converted to E-DNA compared to 72$ before chromatography.
Moreover, upon addition of ATP the relaxed substrate was supercolled. Thus all gyrase molecules which had been bound to a DNA molecule for 3 hours retained DNA cleavage and supercoiling activity. A kinetic experiment showed that stably bound gyrase supercoiled DNA at the normal rate (Fig. 6 ). Relaxed Co1E1 DNA was incubated at 30°C for 15 min After 45 min at 23°> the amount of DNA bound to gyrase was measured by retention to filters. The data is plotted by the method of Klotz (27) in which the apparent dissociation constant is the midpoint of the curve. Stable gyrase-DNA complexes are active for both supercoiling and cleavage. The 60-pl reaction mixtures contained 700 fmol of relaxed Co1E1 DNA, 700 fmol of 3 H labeled nicked Co1E1 DNA and 1 pmol gyrase. After 10 min at 30°, the mixture was applied to a 5.2-ml Sepharose-itB column equilibrated with 50 mM Tris-HCl (pH 7.5), 10 mM MgCl , 0.1 mM EDTA, 5 mM 2-mercaptoethanol, and 20 mM KC1. The column was developed at 23° with the equilibration buffer and 110-yl fractions were collected. The DNA peak, which emerged after 3 h, was identified by counting (0) and the position of gyrase in a control column in the absence of DNA is indicated by an arrow. The amount of DNA which was enzyme bound (A) was determined by the retention to nitrocellulose membranes. Oxolinic acid (200 yg/ml) was added to samples and after incubation at 30° for 30 min, 0.1? SDS was added and the amount of DNA with covalently bound protein determined by filter retention O. A portion of the peak fraction was incubated for 30 min at 30° with either no addition (lane A), 500 WM ATP (lane B), or 200 yg/ml oxolinic acid (lane C) and displayed by agarose gel electrophore3is.
The relative mobility in ascending order is nicked or relaxed DNA, linear duplex DNA, and supercoiled DNA. labeled linear DNA is an appropriate model for covalently closed relaxed DNA, since binding was equally efficient to both of these forms (Fig. 7B) .
Production of derivative gyrase DNA complexes. The initial ensemble of gyrase and DNA (E-DNA) can be destroyed by heating to 70° or the addition of SDS or high salt concentrations (ref. 28) . However, addition of oxolinic acid to E-DNA complexes changes the complex so that incubation with SDS results irreversibly in E-DNA formation, i.e., breakage of the DNA and covalent attachment of subunit A protomers (9). This new complex trapped by oxolinic acid that we designate E*DNA is stabilized by Mg++, because addition of EDTA prior to the denaturing agent prevents the covalent attachment of protein and rupture of DNA backbone bonds (Table II) However, after 40 min of binding, gyrase is distributed over a number of sites on Co1E1 DNA having varying stabilities (Fig. 4) . The average dissociation constant for these sites is 10" M and the dissociation rate constant is 3 x 10" sec" (Fig. 3) . Therefore, the expected rate constant for binding to the stable sequences is 3 x 10 M sec" . This is equivalent to a half time of association of 8-9 min instead of the observed seconds.
Thus initial binding is probably to weak sites and the enzyme moves slowly to the more stable sites.
Gyrase is unusual in its selective binding to DNA molecules lacking negative supercoils (Fig. 7) . The mechanism for this is very likely the positive supercoiling of DNA around gyrase (33). This causes a counterposing negative supercoil in other regions of the DNA and the energy needed to put in an additional supercoil increases with the square of the supercoil density
.
Finally, what do our results indicate about the mechanism of inhibition by oxolinic acid? This drug stabilizes a complex, designated E»DNA, which resists salt concentrations that destroy the less stable complex E-DNA (Fig. 8) . Footprinting experiments also show that oxolinic acid strengthens the binding of DNA around several cleavage sites (26, 30, 31) . The changes in the nature and tightness of gyrase binding in the presence of oxolinic acid suggests a significant alteration in enzyme conformation although there is no gross change in the footprint. There are two extreme models for the structure of E»DNA. Subunit A could be attached via an ester bond to phophates in intact circular DNA or gyrase could link linearized DNA into a circle with oovalent bonding of subunit A protomers to the 5'-phosphoryl ends of the double strand break and noncovalent bonding to the adjacent 3'-hydroxyls.
The prevention of conversions of E»DNA to E-DNA by EDTA (Table   II) is compatable with both alternatives. If the latter model is correct, then Mg ++ is probably required for DNA reunion but not breakage so that EDTA dissociates E"DNA back to E' DNA even in the presence of oxolinic acid. In the former model, the same reaction is postulated but the Mg 
